ABSTRACT A Þeld study examined the inßuence of southern green stink bug, Nezara viridula L., on late-season yield losses in cotton, Gossypium hirsutum L. These indirect harvest losses included rotted (complete tissue decay associated with pathogens) and hard-locked bolls (individual locules within a boll that remain compact and fail to open normally, associated with abiotic or biotic agents). Stink bugs were caged in plots of cotton under conditions of high rainfall and humidity, which favor pathogen development and physiological disorders in bolls. Boll-rotting pathogens (Diplodia spp. and Fusarium spp.) were isolated from rotted bolls. The percentage of rotted (2.0-fold) and hard-locked (1.4-fold) bolls within the stink bugÐinfested treatment was signiÞcantly greater compared with that in the noninfested treatment. Stink bug injury within hard-locked (1.9-fold) and harvestable (1.7-fold) bolls was more common in the infested treatment compared with those bolls in the noninfested treatment. Stink bugs signiÞcantly (1.1-fold) reduced the proportion of harvestable bolls as well as the amount of seedcotton, lint, and seed yield in the infested treatment compared with the noninfested treatment. SigniÞcantly more (1.5-fold) seedcotton from hard-locked bolls was collected in the stink bugÐinfested treatment. Stink bugs reduced germination of seed from harvestable bolls (1.2-fold), but seed germination from hard-locked bolls was not different between treatments. These studies show that southern green stink bug feeding can be associated with higher incidence of rotted and hardlocked bolls when conditions of high rainfall and humidity occur in cotton Þelds.
PLANT DISEASE EPIDEMICS FROM boll (fruit)-rotting pathogens contribute to reduced yield and quality in cotton, Gossypium hirsutum L., in most years. Boll rot ranks second to the seedling disease complex as the most destructive disease of cotton in the United States (Kirkpatrick and Rothrock 2001) . In Louisiana, yield losses associated with boll rot are particularly severe. From 1991 to 2002 in Louisiana, losses ranged from 3.5 to 99.1 kg lint/ha (National Cotton Council 2002) . Boll rot is manifested as complete tissue decay by pathogens (Pinckard et al. 1981) .
The climate in Louisiana can be very conducive to the development of boll-rotting pathogens. Epidemics occur when excess moisture and humidity is present just before and during boll opening (AugustÐSeptem-ber) (Roncadori et al. 1975 , Padgett et al. 2003 . Cultural practices and Þeld environments that promote a dense foliage canopy also can result in a humid microclimate optimal for pathogen development. Dense plant populations, excessive fertilizer rates, nonuse of plant growth regulators, or reduced row widths will increase the occurrence of boll rot (Pinckard et al. 1981 , Las Cruces et al. 1995 . Fungal and bacterial boll-rotting pathogens can infect through wounds caused by insects, mechanical agents, and other plant pathogens; intact bolls through natural openings (stomata and nectaries); or by direct penetration (Kiyomoto and Ashworth 1974 , Roncadori 1974 , Kirkpatrick and Rothrock 2001 .
Fungicide treatments are ineffective in preventing boll rot (Roncadori et al. 1975) . Disease control measures have primarily been directed toward managing plant growth that promotes increased sunlight penetration and reduces the humidity within the plant canopy (Snow et al. 1981) . Boll rot has been reduced 1.8-fold after a single, midseason application of a commonly used plant growth regulator in cotton (N-Ndimethylpiperidiniumchloride) (Snow et al. 1981) . Effective control of insects that damage bolls also helps to reduce infection by some boll-rotting pathogens (Kirkpatrick and Rothrock 2001) .
Several of the factors associated with boll rot in cotton may also cause yield losses in the form of hard-locked bolls. Hard lock is a condition in which individual locules within a boll remain compact and fail to open normally (Pinckard et al. 1981 , Marois et al. 2002 . The etiology of the malady is unknown; however, it has been associated with excess nitrogen, high temperature and humidity, high plant density, excess moisture at boll dehiscence (opening), insect injury, seed rot, and pathogens (Pinckard et al. 1981 , Jones et al. 2000 , Marois et al. 2002 . Marois et al. (2002) inoculated Fusarium spp. and Pestalotia spp. into sympodial branches Ϸ1 mo before harvest and increased the number of hard-locked locules (Յ3.5-fold) per sympodial branch. Jones et al. (2000) observed a positive correlation between bolls with seed rot symptoms and the occurrence of hard-locked bolls at boll opening. Barbour et al. (1990) determined the proportion of harvestable locules per boll decreased as the duration of infestation and number of punctures per boll by green stink bug, Acrosternum hilare (Say), increased. Although hard-locked bolls were not mentioned in this study, harvestable locks were deÞned as those whose lint was ßuffy and could be collected by simulating a mechanical harvest.
Although the symptomology of hard-locked and rotted bolls may differ, both conditions reduce seedcotton yield. The reduction in yield because of boll rot is loss of entire bolls. In contrast, for hard-locked bolls, mechanical pickers are prevented from harvesting seedcotton that exists as compacted, individual locules within bolls (Marois et al. 2002) .
Over the last decade, stink bugs have become more common in cotton and are likely to remain as significant pests (Greene et al. 1999 , Leonard et al. 1999 , Roberts 1999 . Stink bugs feed on developing bolls and reduce lint yield and seed quality (Wene and Sheets 1964 , Barbour et al. 1990 , Turnipseed et al. 1995 , Greene et al. 1999 , Willrich et al. 2003 . The contribution of these pests to boll rot and hard-locked bolls will be critical in the development of management strategies. Direct control of boll rot with fungicides is inconsistent; therefore, management of the disease should be directed toward reducing factors that promote epidemics. Currently, no data are available that provide conclusive evidence that stink bugs increase the incidence of rotted and hard-locked bolls when periods of high rainfall and humidity are present in cotton Þelds.
Materials and Methods
Studies were conducted at the Macon Ridge Research Station near Winnsboro, LA (Franklin Parish). The cotton cultivar ÔDP458BRÕ was planted during 2002 and 2003 on 23 May and 30 April, respectively, in plots of two rows (1.02-m centers) by 3.35 m. General agronomic and pest management practices recommended by the LSU AgCenter were used to maintain the test area. Plants were thinned to densities of 9 plants/m within 3 wk after plant emergence. Translucent cages (32 nylon mesh/2.54 linear cm; Synthetic Industries, Greenville, GA) were placed over individual plots when plants attained a growth stage of no more than two main stem nodes above a sympodial branch with a ßower on the Þrst node (22 Aug 2002 and 11 Aug 2003) . This growth stage corresponded to the sixth week of ßowering. The Þrst week of ßow-ering was recorded when 50% of the plants across the study had at least one ßower or boll.
Two treatments were arranged in a randomized complete block design with four replications. Treatments included caged plots infested with southern green stink bug, Nezara viridula L. (30 adults per cage), and caged noninfested plots. Southern green stink bugs were collected from soybean, Glycine max L., Ϸ24 h before infestation, using a standard 38.1-cmdiameter sweep net. Stink bugs were held in a polypropylene cage (30.0 by 30.0 by 30.0 cm; BugDorm, Megaview Science Education Services, Taichung, Taiwan) to reduce mortality from physical injury and were fed a small quantity of washed green beans, Phaseolus vulgaris L. In both years, stink bug infestations occurred on the same day cotton plots were caged during the sixth week of ßowering.
The test area was irrigated (overhead) to simulate persistent conditions of high rainfall and humidity beginning Ϸ1 wk after stink bugs were infested on cotton plots. Natural and irrigated rainfall received by plots during 2002 and 2003 were 29.7 and 23.7 cm, respectively. Simulated rainfall (2.5Ð3.75 cm) was applied at Ϸ3Ð 4-d intervals if natural rainfall did not occur. Infested cages were supplemented with 10 southern green stink bug adults for each of the 4 wk after initial infestation. The cages were removed 5 wk after the initial date of infestation. Heat units were calculated for each day of infestation as follows: [(maximum daily temperature ЊF ϩ minimum daily temperature ЊF)/2] Ϫ 60ЊF, where 60ЊF is the minimum adequate temperature for cotton plant development (Supak 1994 All plots were chemically defoliated, and all bolls were hand-harvested at a growth stage of no more than two main stem nodes above a sympodial branch with a dehisced boll on the Þrst node in both years. Bolls were classiÞed as rotted (tissue decay associated with pathogens and complete loss of yield), hard locked (at least one lock [carpel] in the boll with lint visible but not open sufÞciently to be harvested with a mechanical picker and partial loss of yield), or harvestable (normal, open bolls harvestable with a mechanical picker; Fig. 1 ). The presence of stink bug injury was recorded for each hard-locked and harvestable boll. Stink bug injury could not be detected within rotted bolls because of extensive tissue degradation. Injury was deÞned as the presence of lint discoloration with a corresponding wart (dried callous tissue) or puncture (dried circular tissue that previ-ously had a water-soaked appearance in green bolls) on the internal carpel wall (Bundy et al. 2000) .
A cohort of rotted bolls was assayed to conÞrm the presence of boll-rotting pathogens. Excised tissue from the outer surface of bolls (external carpel walls) was surface sterilized with a 20% sodium hypochlorite solution for a period of 1.5Ð2 min. Each tissue sample was removed from the solution, blotted dry, and aseptically transferred to acidiÞed potato dextrose agar (pH 4.5). Fungal pathogens were allowed to grow out of the tissue and classiÞed to genus (Barnett and Hunter 1998) . In another assay, carpels were removed from rotted bolls and rinsed in running water for Ϸ5 min. External carpel walls were removed from bolls, placed on moist paper towels, and sealed inside plastic crisper boxes (35 cm by 20 cm by 10 cm) to induce sporulation of fungi present on the carpel surface. Spores were used to classify pathogens to genus (Barnett and Hunter 1998) .
Seedcotton collected from harvestable and hardlocked bolls were separated into lint and seed with a laboratory gin. Weights for all yield components were measured. Seed germination was determined using the standard warm germination test for cotton seed (Association of OfÞcial Seed Analysts 2000). In 2002, an average of 562.5 and 829.5 seeds/replication from harvestable and hard-locked bolls, respectively, were randomly selected and germinated. In 2003, an average of 400 seeds/replication from harvestable and hard-locked bolls was germinated. The duration and temperature of incubation was 8 d and 30ЊC, respectively. The test measures the percentage of seedlings that have a combined hypocotyl and root length of 3.75 cm.
Analysis of variance (ANOVA) was used to test for signiÞcant interactions between year and treatment (stink bugÐinfested and Ðnoninfested) for each dependent variable (␣ ϭ 0.05; PROC GLM; SAS Institute 1998). Percent rotted, hard-locked, harvestable, stink bugÐinjured bolls, and seed germination were compared between the infested and noninfested treatments using ANOVA (SAS Institute 1998). Total seedcotton, lint, and seed yield data were also subjected to ANOVA, with boll density per plot used as a covariable in the model. Voucher specimens from these studies were deposited in the Louisiana State University Arthropod Museum, Baton Rouge, LA.
Results
Diplodia spp. and Fusarium spp. were isolated at the highest frequency from rotted bolls in both years. The incidence of Diplodia spp. in 2002 and 2003 was 88% and 98%, respectively. In 2002 and 2003, the incidence of Fusarium spp. was 52% and 2%, respectively.
Harvestable, hard-locked, and rotted bolls were observed in equal proportions between treatments across 2002 and 2003. There was no signiÞcant interaction between year and treatment for percent harvestable bolls (F ϭ 0.01; df ϭ 1,6; P ϭ 0.9402), hardlocked bolls (F ϭ 0.05; df ϭ 1,6; P ϭ 0.8232), and rotted bolls (F ϭ 1.32; df ϭ 1,6; P ϭ 0.2945). Also, there was no signiÞcant interaction between year and treatment for percent stink bug injury in hard-locked bolls (F ϭ 4.10; df ϭ 1,6; P ϭ 0.0673) and in harvestable bolls (F ϭ 0.81; df ϭ 1,6; P ϭ 0.4026). The proportion of rotted, hard-locked, harvestable, and stink bugÐinjured bolls was pooled for analysis across 2002 and 2003.
Stink bugs signiÞcantly reduced the proportion of harvestable bolls in the infested treatment (infested: 77.7 Ϯ 2.8%, noninfested: 84.8 Ϯ 4.4%; F ϭ 5.93; df ϭ 1,6; P ϭ 0.0407; Fig. 2 ). The percentage of hard-locked (infested: 18.0 Ϯ 3.9%, noninfested: 13.1 Ϯ 4.2%; F ϭ 5.10; df ϭ 1,6; P ϭ 0.0324) and rotted (infested: 4.3 Ϯ 1.09%, noninfested: 2.1 Ϯ 0.89%; F ϭ 20.15; df ϭ 1,6; P ϭ 0.0042) bolls within the stink bugÐinfested treatment was signiÞcantly greater than observed in the noninfested treatment. Stink bug injury was more common within hard-locked (infested: 35.8 Ϯ 4.2%, noninfested: 18.3 Ϯ 10.4%; F ϭ 31.30; df ϭ 1,6; P ϭ 0.0014) and harvestable (infested: 20.3 Ϯ 6.9%, noninfested: 12.1 Ϯ 4.9%; F ϭ 18.23; df ϭ 1,6; P ϭ 0.0053) bolls in the infested treatment compared with the noninfested treatment (Fig. 3) . 
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There was no signiÞcant interaction between year and treatment for seedcotton harvested from harvestable (F ϭ 0.11; df ϭ 1,6; P ϭ 0.7529) and hard-locked (F ϭ 0.77; df ϭ 1,6; P ϭ 0.4218) bolls. Also, there was no signiÞcant interaction between year and treatment for seed weight (F ϭ 0.15; df ϭ 1,6; P ϭ 0.7129) and lint weight (F ϭ 0.01; df ϭ 1,6; P ϭ 0.9296) of harvestable bolls. All components of yield data are combined for 2002 and 2003. SigniÞcantly greater seedcotton yield was produced in harvestable bolls in the noninfested treatment compared with the stink bugÐ infested treatment (infested: 1,986.3 Ϯ 63.6, noninfested: 2,175.2 Ϯ 63.6; F ϭ 4.6; df ϭ 1,5; P ϭ 0.0424; Fig. 4 ). In contrast, stink bugs caused signiÞcantly more seedcotton to be produced from hard-locked bolls in the infested treatment compared with the noninfested treatment (infested: 250.6 Ϯ 22.2, noninfested: 164.5 Ϯ 22.2; F ϭ 5.01; df ϭ 1,5; P ϭ 0.0377). Stink bugs signiÞcantly reduced total seed weight (infested: 1,129.6 Ϯ 48.6, noninfested: 1,250.0 Ϯ 48.6; F ϭ 8.72; df ϭ 1,6; P ϭ 0.0318) and lint weight (infested: 832.5 Ϯ 24.4, noninfested: 916.6 Ϯ 24.4; F ϭ 2.84; df ϭ 1,5; P ϭ 0.0413) compared with the noninfested treatment.
There was no signiÞcant interaction between year and treatment for germination of seed from hardlocked (F ϭ 0.03; df ϭ 1,6; P ϭ 0.9977) and harvestable (F ϭ 0.89; df ϭ 1,6; P ϭ 0.3828) bolls (Fig. 5) . Therefore, germination data will be presented across 2002 and 2003 . No signiÞcant differences in germination were observed between the infested and noninfested treatment for seed collected from hard-locked bolls (infested: 31.9 Ϯ 4.0%, noninfested: 33.3 Ϯ 7.5%; F ϭ 0.07; df ϭ 1,6; P ϭ 0.7949). In contrast, stink bugs signiÞcantly reduced germination for seed collected from harvestable bolls compared with the noninfested treatment (infested: 48.5 Ϯ 9.6%, noninfested: 57.1 Ϯ 11.7%; F ϭ 4.77; df ϭ 1,6; P ϭ 0.0358).
The year and boll classiÞcation (hard locked or harvestable) interaction for seed germination in the infested (F ϭ 3.78; df ϭ 1,6; P ϭ 0.0999) and noninfested (F ϭ 5.69; df ϭ 1,6; P ϭ 0.0544) treatments was not signiÞcantly different. Therefore, germination data were combined across years within each treatment to compare germination between hard-locked and harvestable bolls. Germination was signiÞcantly less for seed collected from hard-locked bolls compared with harvestable bolls in the infested (F ϭ 19.55; df ϭ 1,6; P ϭ 0.0045) and noninfested (F ϭ 26.55; df ϭ 1,6; P ϭ 0.0021) treatments.
Discussion
Diplodia spp. and Fusarium spp. were the most common boll-rotting fungi in our study. Both pathogens are documented as causal agents for boll rot in Louisiana and across the southeastern United States (Sanders and Snow 1978, Kirkpatrick and Rothrock 2001) . Sanders and Snow (1978) documented the conidia of Alternaria gossypina, Curvularia spp., Helminthosporium gossypii, Diplodia gossypina, and Fusarium spp. in airborne samples in Louisiana cotton Þelds from 1 wk after ßowers Þrst appeared through harvest. Diplodia spp. and Fusarium spp. were collected in the greatest proportion in that study.
The initial density of adults per cage in our studies (8.2 adults/1.8 row-m [6 row-ft]) was 8.2-fold greater than the currently recommended level for initiating an insecticide treatment against stink bugs in cotton across several states (1 stink bug/1.8 row-m [6 rowft]). Infestation densities greater than recommended treatment thresholds were used to facilitate the interaction between inclement weather conditions and stink bugs. Minimal stink bug injury present in the noninfested treatment may have been caused by the immigration of other stink bugs or tarnished plant bug, Lygus lineolaris (Palisot de Beauvois), into the study area between insecticide applications. Furthermore, tarnished plant bugs are capable of causing internal injury indistinguishable from that of stink bugs (Greene et al. 1999) . Internal injury has been documented in bolls Յ12 d old (Ϸ250 heat units beyond anthesis), but tarnished plant bugs do not penetrate or cause yield loss in bolls Ͼ12 d old (Greene et al. 1999 , Horn et al. 1999 , Russell 1999 . Therefore, in our studies, the difference in boll injury observed between the infested and noninfested treatment should be associated with stink bug infestations.
In the absence of stink bugs, high rainfall contributed to the incidence of rot and hard lock in cotton bolls. When stink bugs and high rainfall conditions co-occurred, rotted bolls and hard-locked bolls were 2.0-and 1.4-fold greater, respectively, than observed in the noninfested treatment. The presence of stink bugs, however, does not entirely justify the levels of hard-locked and rotted bolls recorded in these studies. Although the level of stink bug injury in hard-locked bolls was 1.9-fold greater in the infested treatment compared with the noninfested treatment, 64.2% of bolls did not have evidence of stink bug injury. Furthermore, stink bug injury was observed on 20.3% of harvestable bolls. Future studies should investigate other factors possibly related to the development of hard-locked bolls.
Southern green stink bug is capable of causing signiÞcant boll injury, yield losses, and reduced seed germination in cotton at growth stages beginning at about two main stem nodes above a sympodial branch with a ßower on the Þrst node (week 6 of ßowering) plus 715Ð734.5 heat units. Previous studies have indicated stink bugs signiÞcantly reduce seedcotton weights of individual bolls that have accumulated Յ550 (Ϸ22 d) heat units beyond anthesis (Greene et al. 1999 , Willrich et al. 2003 . In this study, bolls of this age were present on cotton plants. Harvestable yield in the stink bugÐinfested treatment was reduced from complete lint decay (boll rot) and abnormal boll opening (hard lock). Developing bolls exposed to stink bugs and high rainfall will also result in reduced germination of seed collected from harvestable bolls. Germination of seed from harvestable bolls was 1.2-fold less in the stink bugÐinfested treatment compared with the noninfested treatment. Therefore, harvestable seedcotton collected from the stink bugÐinfested treatment sustained a loss in the form of reduced seed germination. Germination from hard-locked bolls was not different between treatments; however, within each treatment, germination was lower in hard-locked bolls compared with harvestable bolls. The presence of stink bugs does not further reduce seed germination once a boll becomes hard locked. Similar studies in soybean have shown that the incidence of seedborne Fusarium spp. increased with increasing levels of stink bug [southern green stink bug; brown stink bug, Euschistus servus (Say); and green stink bug damage in seeds] (Russin et al. 1988) . Southern green stink bug adults have been documented as having the ability to transfer microorganisms during feeding (Ragsdale et al. 1979) . Bacteria (31 species) and fungi (2 species), having originated within southern green stink bug, were isolated from seed in those studies. The authors concluded, however, that no more than a causal relationship exists between microbes and stink bugs.
The pathogens isolated from bolls in our studies are part of the normal microßora associated with boll rot. The primary effect of stink bug feeding may have been to modify the incidence of these microorganisms. Such effects may have been caused by physical injury in bolls that resulted from stink bug feeding. Pinckard et al. (1981) suggested that insects can play a role in predisposing bolls to invasion by pathogens. Feeding may damage carpel walls and locules of bolls to the extent that boll opening is slowed and often imperfect (Pinckard et al. 1981) . If carpels do not dehisce normally, locules do not dry rapidly and are subject to microbial invasion. This condition would be especially pronounced during periods of persistent rainfall and humidity, as simulated in this study. However, future studies should explore the prevalence of boll rot, in combination with stink bug infestations, within horizontal levels of the plant canopy. Boll rot has been reported to occur at higher levels within lower portions of a plant canopy (Snow et al. 1981) . Sanders and Snow (1978) have shown that Diplodia spp. and Fusarium spp. are capable of rotting 40-d-old (Ϸ800 heat units beyond anthesis, based on each day accumulating Ϸ20 heat units) mature bolls within 1Ð2 wk after inoculation. Willrich et al. (2004) observed that brown stink bug injure bolls of any age, including older bolls, accumulating 841Ð1,014 heat units beyond anthesis. Brown stink bug prefer to injure bolls in cohorts that have accumulated 165Ð 672 heat units beyond anthesis. In this study, stink bugs had the opportunity to feed on bolls formed before infestations occurred and on younger bolls (Յ715Ð 735.5 heat units accumulated beyond anthesis).
Recent studies have shown that brown stink bug infestations occurring during week 5 of ßowering (at most three main stem nodes above a sympodial branch with a ßower on the Þrst node) can reduce seedcotton yield (unpublished data). These results, combined with those of this study, suggest that stink bugs should be controlled during the commencing stages of ßow-ering. Removal of infestations during week 5 of ßow-ering may reduce yield losses but may also inßuence the levels of rotted and hard-locked bolls if inclement weather (persistent rainfall and humidity) delays harvest.
